We propose an effective left-right-right-left model with a parity breaking scale around a few TeV. One of the main achievements of the model is that the mirror fermions as well as the mirror gauge sector simultaneously could be at TeV scale. Left-right-right-left (LRRL) models are an alternative and elegant way of restoring parity at a high scale [1] . In these models, the standard model (SM) left-and right-handed fermions are kept in the fundamental representation of the gauge groups SU(2) L and SU(2) R , respectively. This is similar to left-right symmetric (LRS) models [2] [3] [4] [5] . However, the coupling constants of the gauge groups SU(2) L and SU(2) R are independent. Now, the question is if parity can be restored. The simplest possibility is to assume that there are gauge symmetries SU(2) ′ R and SU(2) ′ L which are parity or mirror counterparts of the gauge groups SU(2) L and SU(2) R , respectively. This is also the simplest way to introduce new fermions to the SM in this scenario. These are unique features of LRRL models. Furthermore, the scalar sector of LRRL models is elegant and optimum.
Left-right-right-left (LRRL) models are an alternative and elegant way of restoring parity at a high scale [1] . In these models, the standard model (SM) left-and right-handed fermions are kept in the fundamental representation of the gauge groups SU(2) L and SU(2) R , respectively. This is similar to left-right symmetric (LRS) models [2] [3] [4] [5] . However, the coupling constants of the gauge groups SU(2) L and SU(2) R are independent. Now, the question is if parity can be restored. The simplest possibility is to assume that there are gauge symmetries
SU(2)
′ R and SU(2) ′ L which are parity or mirror counterparts of the gauge groups SU(2) L and SU(2) R , respectively. This is also the simplest way to introduce new fermions to the SM in this scenario. These are unique features of LRRL models. Furthermore, the scalar sector of LRRL models is elegant and optimum.
On the phenomenological side, LRRL models have a good motivation from a recently observed excess by the ATLAS and CMS collaborations [6] [7] [8] [9] [10] [11] [12] [13] [14] . This is established that this excess can be explained with different coupling constants for SU(2) L and SU(2) R [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] 1 .
LRRL models also provide an interesting perspective from the pure theoretical point of view.
We note that the symmetry SU(3) c ⊗ SU(2) L ⊗ SU(2) R ⊗ SU(2)
Y of LRRL models cannot be embedded in SU (5) or SO(10) type GUT models. LRRL models might present an interesting possibility for a new and a low scale unification scenario. For example, the nearest unification could come from a SU(4) 1 ⊗ SU(4) 2 type of model where SU(2) L and SU (2) ′ R can be embedded in SU(4) 1 whereas SU(2) R and SU (2) ′ L can live inside SU(4) 2 .
However, models based on mirror fermions and mirror symmetries come with a great disadvantage [25] [26] [27] [28] [29] [30] . Parity invariance dictates that the Yukawa couplings of the mirror fermions should be identical to that of the SM ones. The LHC has not found these mirror fermions around TeV scale yet. Hence, for keeping the masses of mirror fermions at TeV scale, parity breaking scale should be very high (10 8 GeV or so) [25] [26] [27] [28] [29] [30] . This raises the scale of the mirror gauge sector to, for example, 10 8 GeV. Thus, the new mirror gauge sector of these models is out of the reach of the LHC, and it is practically impossible to produce mirror gauge bosons with present day technologies.
In this paper, we investigate whether it is possible to have mirror gauge sector as well as the mirror fermions around TeV scale within the framework of the LRRL symmetry [1] . We propose a new type of LRRL model which provides a low scale parity breaking resulting in a low scale mirror gauge sector as well as low scale mirror fermions. This is one of the main achievements of this proposed work which is near impossible in other models having mirror fermions and mirror gauge symmetries [25] [26] [27] [28] [29] [30] . Furthermore, we shall see that the dangerous quadratic divergences of the SM Higgs mass involving fermions loops are suppressed, and begin at the three loop level. The model can stabilize the mass of the SM Higgs up to a sufficiently high scale.
The fermionic and gauge fields under parity transform as the following in LRRL models:
where ψ L , ψ R are doublets of the gauge groups SU(2) L and SU(2) R , respectively. The The fermions of the model have the following transformations under the symmetry
where Q and L denote the quarks and leptonic doublets. For more details, see Ref. [1] .
We introduce four Higgs doublet and two singlet real scalar fields for the spontaneous symmetry breaking (SSB) which transform in the following way under
The scalar fields under parity behave as follows:
Now, the SSB occurs in the following pattern: The vacuum expectation value (VEV) of the scalar fields ϕ
the VEV of the scalar field ϕ R Finally, the VEV of the scalar field ϕ L breaks the SM gauge
The Yukawa Lagrangian does not exist since there is no bidoublet in this model. Now, the only way to give masses to fermions is to use nonrenormalizable operators which makes this model an effective theory. For this purpose, we observe that all nonrenormalizable operators are "equal". For example, due to given scalar fields of the model, we could use a dimension-5, 6, 7 · · · or any operator for this purpose.
However, our aim is to have mirror fermions and mirror gauge sector at the same scale which could be around a few TeV. For this purpose, we demand that fermionic fields ψ R , . Now, the mass term for charged fermions appears at dimension-6. Thus, the mass term for quarks is given by
where Γ i = Γ ′ i due to parity andφ = iσ 2 ϕ * is charge conjugated Higgs field. A similar Lagrangian can be written for leptons. Parity is spontaneously broken when scalar fields
Now, let us assume that parity breaking scale is around a few TeV. This means that the gauge bosons corresponding to the gauge groups SU(2) R , SU (2) ′ R and SU (2) ′ L should be around a few TeV. Since, the Yukawa couplings of the mirror fermions are identical to those of the SM ones, we would naively expect that mirror fermions could be very light and already ruled out by experiments. However, we observe that due to the VEV pattern described, the VEV of the singlet χ ′ could be large so that mirror fermions, in spite of a TeV scale parity breaking, could be sufficiently heavy to search at the LHC. Thus, we observe that the mirror fermions and mirror gauge sector both could be at TeV scale in this model. This is obtained in a natural way, and is one of the main achievements of this work.
The LHC has searched for these quarks, and has excluded them up to 690 GeV. However, these searches are model dependent [31] .
We note that the models with mirror fermions discussed in the literature are either based [25] [26] [27] [28] [29] [30] . These models have a well-defined Yukawa Lagrangian. Any attempt to raise the mass scale of the mirror fermions using singlet scalar fields will kill the Yukawa Lagrangian making these models artificial and unnatural. Furthermore, these models do not yield any explanation for the smallness of neutrino masses.
The Majorana mass term for neutrinos can be written at dimension-5,
where c i = c ′ i due to parity. We observe in Eqs. (5) and (6) (6) is forbidden by some symmetry ), the model can provide an explanation for their small masses.
We can also write the Lagrangian which allows the mirror quarks to decay into the SM ones. This is given by the following dimension-5 and dimension-7 operators:
where ρ and σ are dimensionless couplings. We can write a similar Lagrangian for leptons.
The masses and mixings of gauge bosons are obtained from the following Lagrangian:
where, τ a 's are the Pauli matrices. The coupling constant g 1 corresponds to gauge groups SU(2) L and SU (2) ′ R . The coupling constant of gauge groups SU(2) R and SU(2)
After the SSB, masses of the charged gauge bosons are given as
The nondiagonal mass matrix for the neutral gauge bosons, in the basis
, is given by
This mass matrix can be diagonalized through an orthogonal transformation R which transforms the weak eigenstates (W
The physical masses of neutral gauge bosons are given as
We have shown only leading order terms assuming that v
which are the following:
The Lagrangian in Eq. (7) introduces mixing between the SM and mirror fermions. We can diagonalize the mass matrices of charged fermions via biunitary transformation by introducing two mixing angles. The mass eigenstates of the charged fermions are related to the gauge eigenstates through the following transformation:
where, f L,R are the left-and right-handed component of the SM fermions and f ′ L,R denote the mirror fermions. Now we discuss the scalar potential of the model. We write the most general scalar potential of the model as follows:
The VEVs of the Higgs fields are denoted as
We need a solution of the potential
There are six independent vacuum parameters which correspond to six independent vacuum minimal conditions,
The second derivatives of the scalar potential which is the mass squared matrix determine the nature of the minimum. This is given by
In general, one of the eigenvalue of this matrix is always zero. Hence, we assume that the mass term for the singlet scalar fields in the scalar potential is zero (µ 3 = 0). This implies that the scalar particles corresponding to the singlet fields χ and χ ′ are mass-less 2 .
The reason to choose only singlet scalars to be massless is that they could be dark matter candidates. The phenomenological consequences of this assumption are far reaching and will be discussed in the later course of the paper. and µ 2 . After this, we obtain the following constraints on the quartic couplings:
.
For the determination of the eigenvalues of Eq. ( 19), we encounter an order five polynomial (since one eigenvalue is always zero) which is difficult to solve. For simplifying our calculations, we first expand this polynomial in terms of parameter ǫ = v R /ω ′ (since ω ′ >> v R ) and keep only the leading order contribution. This factorizes our polynomial into three parts, two linear terms and one cubic term. From linear terms, we obtain the following two scalar masses squared:
We further expand the cubic part in term of the parameter ǫ ′ = ω/ω ′ (since ω ′ >> ω). This provides us a quadratic factor and one eigenvalue zero. Solving quadratic factor, we obtain the physical masses of two other scalars. These are
where
The condition that all masses squared must be positive and ω ′ >> v L , v R , ω implies that
The couplings λ 3 , λ 4 , λ 5 , λ 6 , λ 8 , λ 11 and λ 12 can be positive as well as negative satisfying Eq. (24) The scalar potential of the model does not have any complex coupling. The gauge symmetry of the model allows us to make the VEVs of the scalar fields real. Hence, as discussed in Ref. [32] , the strong CP phase is zero in this model. Now, we discuss the naturalness of the SM Higgs mass. The one-loop contributions to the mass of the SM Higgs due to fermions is absent, and the contribution begins at three loops.
We calculate the quadratic divergence within the dimensional regularization scheme. The quadratic divergence is identified with the D = 2 pole [33] . h R , S and S ′ denote the Higgs particles corresponding to scalar fields ϕ R , χ and χ ′ , respectively. The quadratic divergent part is given as
where Γ f denotes the coupling of fermions running in the loop to the SM Higgs and other scalars. The noteworthy consequence of the loop suppression is that the quadratic divergent contribution is naturally suppressed. However, there is no reason that Γ f should be of order O(1) now. The mass of the top quark, from Eq. (5), is given by
Hence, even if Γ t < 1, the other unknown VEVs could be such that we recover experimental mass of the top quark. Therefore, the quadratic divergence could be even suppressed further.
The analogous contribution to the SM Higgs mass in the SM, assuming it an effective theory, turns out to be the most dangerously divergent one.
The one-loop quadratic divergent contribution to the SM Higgs mass which involves scalar doublets and singlets, is the following:
where λ assuming an effective SM. In fact, it is known that addition of real scalar singlets to the SM can stabilize the SM Higgs mass up to a sufficiently high scale [34] . However, such a complex investigation using the Veltman condition [33] is beyond the scope of this paper.
The phenomenological signatures of the model will be discussed now. For this purpose,
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the charged current Lagrangian can be written as
where the couplings C W F F depend on the charged fermion mixing angles θ L and θ R . The neutral current Lagrangian is given as
where e is electron charge and Q f,f ′ is the charge of fermion f and f ′ . The couplings A [36] in this model. Since, there is no mixing between W L and W R bosons in the proposed model, this limit is not applicable. A detailed phenomenological investigation is the subject of a future study. Now we comment on the importance of the singlet scalar fields. It should be noted that singlet scalar fields are not arbitrarily introduced in this model. They have a rather important purpose to provide masses to fermions. Furthermore, the singlet scalar fields could be a viable cold dark matter candidate as observed in some models [37] . Finally, they could make the electroweak phase transition a strong first-order transition [38] .
The ultraviolet completion of the model could come from a larger underlying theory.
Since, there are many VEVs in this model, one of the possibilities is that this model could be a part of a multiverse theory with many ground states which is motivated by the finetuning of the cosmological constant [39] . This is encouraged by the fact that there are two real massless scalars in the model coming from two real singlet scalar fields. The quantum and/or thermal fluctuations in the early universe would randomize the initial values of these fields leading to regions of different initial values due to inflation. We comment why we have chosen real scalar singlets massless in the scalar potential now. The multiverse theories require a continuous variation of the parameters across the universe [39] . Only a field can have a spatial or temporal variation. For this purpose, that field must be light [39] . This is the case for real scalar singlets in this model. This model restores parity in a nonminimal way. We observe that parity is maximally violated in the SM. Now, maximal violation of parity could be a consequence of a minimal or maximal parity restoring theory. Our approach in this work is that the maximal parity violation leads to a maximal parity restoring theory. We note that MLRSM has a VEV which must be zero or vanishing to reproduce neutrino masses. This is similar to unnaturally small Yukawa couplings of neutrinos in the SM extended by three right-handed singlet neutrinos. The other mirror models seem to have a huge scale disparity in the gauge sector [25] [26] [27] [28] [29] [30] . Furthermore, they do not have any explanation for the smallness of neutrino masses. Moreover, the above two classes of models do not have any mechanism to make the mass of the SM Higgs natural. Therefore, if one discards the prejudice of minimality, the model presented in this work is a natural parity restoring extension of the SM.
